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Abstract
The Affleck-Dine mechanism creates the baryon asymmetry of the universe from an angular
motion of a complex scalar field. The mechanism is efficient and allows for a low reheating temper-
ature of the universe if the scalar field has a flat potential along its radial direction. We consider
a possibility where the scalar field is a pseudo-Nambu-Goldstone boson arising from spontaneous
breaking of an approximate global symmetry, so that the flatness of the potential is naturally un-
derstood. We construct a concrete realization of the idea based on chiral symmetry breaking in
an SU(N) gauge theory. The Peccei-Quinn mechanism can be consistently incorporated into the
model. We also comment on a possible impact of the model on early universe physics.
1
ar
X
iv
:1
90
6.
05
28
6v
1 
 [h
ep
-p
h]
  1
2 J
un
 20
19
I. INTRODUCTION
Particle physics is aiming at understanding the origin of our universe. Any beyond the
standard model physics should eventually explain how the baryon asymmetry of the universe
has been created, namely, should contain a theory of baryogenesis.
Perhaps the most prominent mechanism is the leptogenesis [1]; one of its predictions,
non-zero masses of neutrinos, has been experimentally confirmed. The leptogenesis however
requires that the reheating temperature of the universe is high enough [2, 3]. Some scenarios
of beyond the standard model are not compatible with high reheating temperatures because
of overproduction of relics from the thermal bath (e.g. gravitinos [4–8]), production of stable
topological defects by low scale symmetry breaking after inflation (e.g. the Twin Parity [9],
the left-right symmetry [10–19], and the CP symmetry [20–23]), etc. Note that the maximal
temperature of the universe is generically higher than the reheating temperature [24–26]
and hence the problem of production of stable topological defects is severe. It is worth
investigating theories of baryogenesis which do not require high reheating temperatures.
From this point of view, the Affleck-Dine (AD) baryogenesis [27] is attractive. Baryon
asymmetry is created from an angular motion of a complex scalar field φ charged under an
approximate U(1) symmetry, which is called the AD field. The resultant baryon asymmetry
nB normalized by the entropy density s is
nB
s
∼ φ
2
iTRH
mM2Pl
= 10−10 ×  10
−9
m/φi
TRH
100 GeV
φi
1016GeV
, (1)
where  < 1 parametrizes the magnitude of explicit U(1) breaking to drive the angular
motion, φi is the initial field value of the radial direction of the AD field, TRH is the re-
heating temperature, MPl is the reduced Planck scale, and m is the mass of the radial
direction around the field value φi. A larger reheating temperature leads to relatively larger
asymmetry because of an earlier beginning of the red-shift of the radiation created by an
inflaton. The asymmetry increases as m decreases since a later beginning of the oscillation
of φ enhances the baryon number relative to that of radiation. To obtain enough baryon
asymmetry for a low reheating temperature, the AD field must have a very flat potential
such that m φi. A flat potential is natural in supersymmetric theories. In fact, sfermions
in supersymmetric standard models have flat potentials and decay into baryons, and hence
are natural candidates of the AD field [27–29].
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We consider an alternative scenario of the AD baryogenesis where the AD field is a
pseudo-Nambu-Goldstone boson arising from spontaneous breaking of an approximate global
symmetry. We call the scenario as the Nambu-Goldstone Affleck-Dine (NGAD) baryogenesis.
The idea is as follows. We assume that a global symmetry G is spontaneously broken down
to a subgroup H, yielding NG bosons on G/H. A U(1) subgroup of H is identified with the
baryon symmetry. For an appropriate choice of G and H, some of the NG bosons are charged
under the U(1) symmetry and is identified with the AD field φ. (Part of) G/H is explicitly
broken but U(1) conserving, which gives rise to the potential of the radial direction of φ.
As long as the explicit breaking is small, the required flatness of the potential of the AD
field is guaranteed. Finally, the U(1) symmetry is also explicitly broken by a small amount,
driving angular motion of the AD field. The prescription is summarized as
Spontaneous G→ H ⊃ U(1),
Explicit 
G/H ⇒ VU(1)(φ),
Explicit 
U(1)⇒ VU(1)(φ).
The example shown in the next section is analogous to a two flavor QCD with explicit
breaking of global electromagnetic charge conservation; the analogue of the charged pion is
the AD field.
Symmetry breaking is ubiquitous in beyond the standard model and its origin may be
unified with that to yield the NGAD field. In fact, as is shown in the next section, it is
possible to incorporate the Peccei-Quinn (PQ) mechanism [30, 31] to the NGAD baryogensis.
The model may then explain the baryon asymmetry of the universe, solve the strong CP
problem [32], and provide a QCD axion [33, 34] as a dark matter candidate [35–37].
II. AFFLECK-DINE BARYOGENESIS BY A NAMBU-GOLDSTONE BOSON
A. Model-independent analysis
Let us first describe an idea of the NGAD baryogenesis in a model-independent way. We
assume that a global symmetry G is spontaneously broken down to a subgroup H, yielding
NG bosons on G/H. A U(1) subgroup of H is identified with an approximate baryon or
lepton symmetry, under which one of the NG bosons, φ, is charged. G/H is explicitly broken
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and the NG boson φ obtains a U(1) invariant potential
V (φ)U(1) = m
2f 2J
( |φ|
f
)
, (2)
where f is a decay constant and m is the mass of φ. J is a function whose explicit form
depends on the detail of the model.
We assume small explicit U(1) symmetry breaking down to a Zn subgroup which drives
angular motion of φ to generate U(1) asymmetry,
V (φ)U(1) = m
2f 2
[(
φ
f
)n
K
( |φ|
f
)
+ h.c.
]
+O(
φ2n
f 2n
), (3)
where  < 1 parametrizes the small explicit breaking and K is some function.
The field φ initially has a field value as large as f , and begins to oscillate when the Hubble
expansion rate H becomes smaller than the mass m. The asymmetry of φ given by
nφ = 2Im
[
φ†φ˙
]
(4)
obeys an equation of motion
n˙φ + 3Hnφ = Im
[
φ
∂V
∂φ
]
. (5)
The right hand side is proportional to . The asymmetry of φ created by the explicit U(1)
breaking per Hubble time is
∆nφ ∼ m
2f 2
H
φn
fn
+ h.c. ∼ m
2f 2
H
Hn
mn
, (6)
where we assume a matter dominated era from which φ ∝ H follows. Taking into account
the red-shift, φ asymmetry is dominantly produced around the beginning of the oscillation
if n > 3, which we assume in the following. The asymmetry of φ is then given by
nφ
s
∼ f
2TRH
mM2Pl
, (7)
where TRH is the reheating temperature after inflation.
The asymmetry of φ is eventually transferred into baryon or lepton asymmetry. We
consider the simplest possibility where this occurs via the decay of φ into standard model
fermions with a decay rate Γdec around the temperature Tdec ∼
√
ΓdecMPl. Taking into
account the possibility where the φ oscillation dominates the universe and creates entropy,
the baryon or lepton asymmetry is given by
nB,L
s
∼ min
[
f 2TRH
mM2Pl
,
Tdec
m
]
. (8)
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TABLE I. The matter content of a model of the NGAD baryogenesis.
U D U¯ D¯
SU(N) N N N¯ N¯
U(1) 1 −1 −1 1
If lepton asymmetry is created before the electroweak phase transition, baryon asymmetry
is created by the sphaleron process [1, 38, 39].
B. A model based on an SU(N) gauge theory
We present a concrete model realizing the NGAD baryogenesis. We consider a model
where the global symmetry G is spontaneously broken by strong dynamics for the following
reason. If the symmetry breaking instead occurs by a fundamental scalar field, the natural
value of the symmetry breaking scale is around the cut off scale. It is generically believed
that global symmetry cannot be exact in theories with quantum gravity [40–45]. Global
symmetry would be then best understood as accidental symmetry, like the accidental baryon
symmetry of the standard model. This idea will fail if the symmetry breaking scale is around
the cut off scale, as any higher dimensional operators badly violate the global symmetry.
We thus favor a model with a symmetry breaking scale much below the cutoff scale, which
is naturally realized by dimensional transmutation from strong dynamics.
We introduce an SU(N) gauge theory with two flavors. The matter content of the model
is shown in Table I. Below the dynamical scale, the global symmetry G = SU(2)L×SU(2)R is
spontaneously broken down to H = SU(2)V , yielding three NG bosons. The axial symmetry
is explicitly broken, for example, by mass terms
L = mUUU¯ +mDDD¯ + h.c. . (9)
Up to this point, the theory possesses a U(1) symmetry ⊂ SU(2)V shown in Table I. The
NGAD field φ is an analogue of the charge pion in the standard model.
The U(1) symmetry is explicitly broken by the following interaction,
L = (4pi)
2n−2c1
M3n−4
(UD¯)n + h.c. , (10)
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where M is the cutoff scale of the theory and c1 is a constant. Here and hereafter, we fix
the factor of 4pis using the naive dimensional analysis (NDA) [46–49]. In this normalization,
we require c1 < 1. The parameter  is as large as
 ' c1(4pif)
3n−2
m2M3n−4
, (11)
where we use the NDA with a cut off scale at 4pif .
The U(1) charge retained in the angular motion of φ is eventually transferred into stan-
dard model fermions. We consider two possibilities.
1. Decay into standard model fermions
The simplest possibility is a decay of φ via a dimension-9 operator,
L = (4pi)
4c2
M5
UD¯ψ4 + h.c. . (12)
Here ψ4 denotes an operator composed of four standard model fermions with a non-zero
baryon or lepton charge, e.g. QQQL, where Q is a doublet quark and L is a doublet lep-
ton. As this is a very higher dimensional operator, the decay occurs before the Big-Bang-
Nucleosynthesis only if the mass m is large. Since the oscillation of the AD field occurs
early, the produced baryon asymmetry cannot be as large as the observed one.
2. Decay into a standard model fermion and a new heavy fermion
The decay rate can be large enough if we introduce extra heavy fermions. We consider
the following dimension 6 operator,
L = (4pi)
2c2
M2
UD¯ψψ¯′ + h.c. , (13)
where ψ is a standard model fermion, while ψ¯′ is a new heavy fermion which has a gauge
charge opposite to ψ and a large Dirac mass term with another new fermion ψ′. The U(1)
charges of ψ and ψ′ are −1 and 1, respectively. The NGAD field φ decays into ψ and ψ¯′
with a rate
Γdec ' (4pi)
5c22f
4m
M4
, (14)
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and generates the asymmetry of ψ and ψ′. Note that the parameter c2 cannot be arbitrarily
large, as quantum corrections generate an interaction
∆L ' c
2
2(4pi)
2
M2
(UD¯)(UD¯)†, (15)
which gives a mass to φ,
∆m2 ' (4pi)
4c22f
4
M2
. (16)
We require that the correction is smaller than m2.
The asymmetry of ψ is transferred to baryon asymmetry and lepton asymmetry through
the sphaleron process and the standard model yukawa interactions. The new charged lep-
tons ψ′ eventually decays into standard model particles by the following interaction which
explicitly breaks the U(1) symmetry,
L = yHψ′ψ¯ + h.c. , (17)
where H is the standard model Higgs. If ψ′ decays before the electroweak phase transi-
tion, net ψ asymmetry vanishes and hence baryon and lepton asymmetry also vanish. The
coupling y must be sufficiently small so that ψ′ decays after the electroweak phase transition.
Let us see how baryon asymmetry survives in this case. To be concrete, let us consider
the case where ψ is a right-handed charged lepton e¯. After φ decays, lepton asymmetry L
and e′ number asymmetry E ′ are created,
L = L0, E
′ = −L0. (18)
The lepton asymmetry is partially converted into baryon asymmetry by the sphaleron pro-
cess [39],
B = −28
79
L0, L =
51
79
L0, E
′ = −L0. (19)
After the electroweak symmetry breaking, B and L are separately conserved. The asymme-
try of e′ is converted into lepton asymmetry as e′ decays,
B = −28
79
L0, L = −28
79
L0. (20)
Although the net B−L asymmetry vanishes, the baryon and the lepton asymmetry are non-
zero. In order for this to work, the decay of φ must occur before the electroweak symmetry
breaking.
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FIG. 1. Constraints on the mass m and the decay constant f of the NGAD field.
In Fig. 1, we show the bound on the mass m and the decay constant f for various
reheating temperatures TRH and cut off scales M . In the blue-shaded region, the created
baryon asymmetry is smaller than the observed one even if c1 is as large as possible, satisfying
c1 < 1 and  < 1. To the right of the rightmost kink in each plot, the constraint is determined
by the condition  < 1. In the orange-shaded region, the decay of the AD field occurs after
the electroweak phase transition even if c2 is the maximal possible value satisfying c2 < 1
and ∆m2 < m2. The constraints shown in the figure are determined by the condition that
∆m2 < m2. In the green-shaded region, the dynamical scale 4pif exceeds the cut off scale
and the theory does not make sense. As the figure shows, even if the reheating temperature
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is as small as the weak scale, enough baryon asymmetry is produced. Also, in some of the
allowed parameter space the symmetry breaking scale ∼ f is much below the cut off scale
M . It may be possible to realize the global symmetry G as an accidental symmetry arising
from some exact symmetries. We leave the construction of such a model for future works.
We may consider a model without new standard model charged fermions but with a new
pair of singlet Dirac fermions S and S¯. The interactions of S and S¯ with the NGAD field
and standard model particles are
L = (4pi)
2c2
M2
UD¯SS + ySLH +mSSS¯ + h.c. . (21)
The U(1) charges of S and S¯ are −1 and 1, respectively. In contrast to the model with
new charged fermions, the yukawa coupling y does not break the U(1) symmetry. The AD
field decays into S, which subsequently decays into L and H to create lepton asymmetry. In
order for the sphaleron process to be efficient, both decays must occur before the electroweak
symmetry breaking. The model with SS¯ is subject to the same constraint on (m, f) as the
model with ψ′ψ¯′.
We comment on the effect of Q-ball formation. The radial direction of the AD filed is a
pseudo-NG boson and has a cosine-potential with a period ∼ pif . The potential satisfies a
criterion for the existence of a stable soliton called a Q-ball [50], and we expect formation
of Q-balls as the AD field starts oscillation [51–54]. The typical radius and the charge of a
Q-ball is about m−1 and f 2/m2, respectively. The decay rate of such a Q-ball saturated
by the Pauli-blocking effect is about m3/f 2/ [55]. Because of the upper bound on c2 from
∆m2 < m2, the saturated decay rate is larger than the decay rate of a φ particle, and hence
the decay rate of a Q-ball is simply given by Eq. (14).
C. Inclusion of the Peccei-Quinn mechanism
It is tempting to unify the origin of global symmetry breaking in the NGAD mechanism
with other global symmetry breaking in beyond the standard model physics. Actually, we
may easily incorporate the PQ mechanism [30, 31] to the dynamics by adding massless
(SU(N), SU(3)c) bi-fundamentals P and P¯ . The matter content of the model and the PQ
charge is shown in Table II. The U(1) symmetry of φ is denoted as U(1)φ. The Lagrangian
presented above is invariant under the PQ symmetry if the mass mD = 0. The PQ symmetry
9
TABLE II. The matter content of a model of the NGAD baryogenesis with a PQ symmetry.
U D P U¯ D¯ P¯
SU(N) N N N N¯ N¯ N¯
SU(3)c 1 1 3 1 1 3¯
U(1)φ 1 −1 0 −1 1 0
U(1)PQ 0 −3 1 0 0 0
does not have an anomaly of SU(N) while has that of SU(3)c. In this model the PQ
symmetry is spontaneously broken by strong dynamics, as in the model proposed in Ref. [56].
The chiral symmetry breaking pattern is SU(5)L × SU(5)R → SU(5)V , yielding twenty
four NG bosons. Twenty of them are SU(3)c charged, obeying 8, 3 and 3 representations,
and obtain large masses ∼ f by quantum corrections. Four of them are SU(3)c singlets.
Among the four singlets, two form the AD field φ, one obtains a mass from mU , and one
is massless in a PQ symmetric limit. The last one obtains a mass from the QCD strong
dynamics and is a QCD axion, which solves the strong CP problem [32] and is a dark matter
candidate [35–37].
We simply impose the PQ symmetry as a global symmetry (which is actually not a
symmetry as it is explicitly broken by the anomaly of SU(3)c.) It will be interesting to
construct a model where the PQ symmetry arises as an accidental symmetry as a result of
other exact symmetry [57–61].
III. SUMMARY AND DISCUSSION
We have investigated a possibility of the Affleck-Dine baryogenesis by a Nambu-Goldstone
boson. The flatness of the scalar potential of the AD field is naturally explained in this type
of model without supersymmetry. We have constructed a concrete example based on SU(N)
strong dynamics. We have found that enough baryon asymmetry can be produced even for
a low reheating temperature. It it possible to incorporate the Peccei-Quinn mechanism to
the model.
We only consider the dynamics leading to baryogenesis in this paper. The rich structure of
the model may further impact early universe physics. For example, since the radial direction
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of the AD field itself is a NG boson, it will be practically massless during inflation. Then
quantum fluctuations of the radial direction are produced during inflation [62–66], which
may source the primordial fluctuation of the universe. This is nothing but the curvaton
scenario [67–70]. If the curvature perturbations are dominantly produced by the AD field,
the upper bound on correlated baryon isocurvature perturbations [71] requires that the AD
field decays after it dominates the energy density of the universe [72] or that the baryon
isocurvature perturbations are compensated by dark matter isocurvature perturbations [73–
78]. Other NG bosons in the model may also work as a curvaton. The phase direction
of the AD field also obtains fluctuations and produces uncorrelated baryon isocurvature
pertrubations of the same order of magnitude as the curvature perturbation, which is still
consistent with the recent upper bound on them [71].
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